areas, piles of plant material). As discussed in this study, there are intrinsic problems associated with this method, considering the actual state of the taxonomy of thermophilic fungi. To overcome such difficulties, the taxonomic classification of this group should move towards standardizing the commonly used species names in industry and to assess the possibility of including new systems for describing species based on environmental sequences.
Introduction
Every ecosystem has biotic and abiotic factors that make it unique. Some have particular characteristics that set them apart, such as high salt concentrations, extremes of pH and temperature, or a combination of such factors. In response to such varied environments, some organisms have developed adaptations that allow them to colonize and survive under harsh conditions that are considered harmful to most other organisms.
Thermophilic organisms are found in the domains Bacteria, Archaea, and Eukarya. However, in Eukarya, the tolerance to high temperatures is narrower than in prokaryotes, and species that tolerate temperatures above 61 °C have not been observed. Among the eukaryotes, some fungi have the ability to remain active and propagate in environments with high temperatures. These heat-tolerant fungi can be classified as thermophilic or thermotolerant, depending on their cardinal growth temperatures. Here, we use the definition by Cooney and Emerson (1964) who consider thermophilic fungi to be those with a maximum growth temperature of 50 °C or above and a minimum growth temperature 1 3 of 20 °C or above. Correspondingly, thermotolerant fungi are those that grow at maximum temperatures of up to 50 °C, with a minimum growth temperature below 20 °C. Although this classification is quite practical, it is not applicable to all fungi. For example, Aspergillus fumigatus is able to grow at temperatures above 50 °C and below 20 °C (Mouchacca 2000a) . Alternatively, Maheshwari et al. (2000) proposed a simpler classification (which is widely used in applied mycology and industry), in which thermophilic fungi are defined as those species with an optimum growth temperature of 45 °C or above.
While heat-tolerant fungi have attracted significant attention due to their potential in the production of heat resistant enzymes, their proper classification in terms of temperature tolerance and current taxonomy has been neglected in most applied studies. This work presents a perspective on this group of fungi and highlights basic aspects of their biology and classification in light of the recent changes in fungal taxonomy and the One fungus = One name movement. Particularly, we draw attention to the importance of the correct classification of heat-tolerant fungi. We also trace the current profile of access to reference strains (i.e., the type species) deposited in culture collections and their barcode sequences deposited in online nucleotide public databases. Finally, we emphasize that the rapid progress in the use of fungi in applied research and molecular ecological studies has not been paralleled by similar progress in fungal taxonomy.
Origins and ecology
It is speculated that thermophily in the Kingdom Fungi arose as an adaptation to seasonal changes and high daytime temperatures rather than as an adaptation for the occupation of new high-temperature niches (Powell et al. 2012) . Some authors have suggested that thermophilic fungi descended from mesophilic ancestors associated with bird nests, as those found in Australia (Megapodiidae) (Cooney and Emerson 1964; Rajasekaran and Maheshwari 1993) . These birds thermoregulate their nests using decaying plant material, which functions as a natural composting system. In such nests, fungi are the major players in the decomposition of this substrate, raising the nest temperature to approximately 45 °C (Seymour and Bradford 1992) .
Although they comprise an ecologically defined group, the thermophilic fungi are distributed in different taxonomic groups. Indeed, representative species can be found within the phylum "Zygomycota" (which is now regarded as a complex of several non-related subphyla as described in Hibbett et al. 2007 ) and the phylum Ascomycota (Salar and Aneja 2007) . A single Basidiomycota species has also been identified (Table S1 ). Phylogenetic studies by Morgenstern et al. (2012) suggest that the heat-tolerant fungi form a paraphyletic group found in different phylogenetic lineages in the fungal tree of life, indicating that thermophily had multiple independent origins in the Kingdom Fungi. On the other hand, the most parsimonious scenario in the family Chaetomiaceae (which comprises many species of heat-tolerant Ascomycetes fungi) is that thermophily originated from a common ancestor and that multiple losses occurred within the family (Morgenstern et al. 2012; Van Noort et al. 2013) .
According to reports available in the literature, thermophilic fungi have been found in several culture-dependent studies in a variety of environments, including in different soil types (Pan et al. 2010; Powell et al. 2012; Redman et al. 1999; Salar and Aneja 2006) , power plant cooling systems, pond sediments (Ellis 1980) , piles of plant material (Tansey 1971 ) and composting systems (Kane and Mullins 1973; Klamer and Søchting 1998; Straatsma et al. 1994) . The temperature, humidity and atmosphere of these environments are favorable substrates for fungal development (Salar and Aneja 2007) .
In spite of their wide distribution, such fungi are not active in certain environments. It is believed this is because they occur only as propagules, which are generally transported by air (Thakur 1977; Rajasekaran and Maheshwari 1993; Le Goff et al. 2010 ). This dispersion occurs mainly from composting systems, due the production of aerosols carrying spores when revolving the piles (Le Goff et al. 2010) . In fact, little is known about the ecology of these organisms in nature, and studies involving the direct sampling of substrates in the environment may, therefore, reveal more information about these fungi.
Fungal adaptations to thermophily
Of all the factors affecting cell stability, temperature has the greatest influence on the function of biomolecules and the maintenance of biological structures, and most organisms can only grow within a narrow temperature range. However, the existence of geothermal stable environments allows for the selection and persistence of microorganisms that not only resist but also require high temperatures to survive.
As a result of this adaptive process, peculiar features are found in thermophilic fungi. For example, they have experienced a genome size reduction compared to the closest mesophilic species (Van Noort et al. 2013 ). This process involves loss of protein-coding genes, transposable elements and reductions in the size of introns and intergenic regions. In contrast to the genome reductionist tendency, the duplication of intriguing genes may provide insights into the evolution of thermophily, such as identifying the gene responsible for hyphal melanization, which would be involved in resistance to high temperatures, desiccation and UV radiation.
The adaptation of a particular microorganism allowing it to survive and grow at elevated temperatures involves crucial aspects such as modifications of the cytoplasmic membrane, proteins and DNA at temperatures above the mesophilic range. The adaptation of thermophilic microbial membranes corresponds with the process called homeoviscous adaptation, which consists of the replacement of unsaturated fatty acids with saturated fatty acids such that the membrane acquires the balance between density and fluidity necessary for the maintenance of physical and functional integrity at elevated temperatures. This adaptation occurs in the domains Bacteria and Eukarya, while the latter is found only in the Kingdom Fungi (Adams 1993) .
Extracellular proteins of filamentous fungi are mainly depolymerizing enzymes that in thermophilic environments must have dynamic and kinetic thermostability to be active. Some differences in the sequence, structure, function, dynamics and thermodynamic properties can be observed between the psychrophilic, mesophilic and thermophilic enzymes (Niehaus et al. 1999) . Two evolutionary strategies seem to define thermostability: (i) intrinsic factors or factors directly associated with the structure of the molecule, leading to stiffness and folding and (ii) extrinsic factors that help to stabilize the proteins in a given environment, including solutes, binders, molecular chaperones and the substrate itself (Bruins et al. 2001) . To date, no fungi have been identified with a growth above 61 °C. This may be related to the greater thermolability of their membrane systems relative to the thermostability of enzymes or other cellular structures.
Taxonomy and name changes
While a few fungal species are considered true thermophilic species according to the concept of Cooney and Emerson (1964) , many have been identified by different names (Mouchacca 1997 (Mouchacca , 2000b . Ambiguities in the taxonomy of these fungi have resulted in conflicts and missidentification. Furthermore, in applied research, many thermotolerant fungi are classified as thermophilic, mostly because there are different systems for distinguishing between thermophilic or thermotolerant fungi (Mouchacca 2000a) . The use of cardinal and optimum growth temperatures as a baseline to delimit thermophilic from thermotolerant fungi is controversial due to the existence of several fungi that do not fit these concepts. A possible alternative to distinguish between thermophilic and thermotolerant strains is to classify fungi with an optimum growth range between 40 and 50 °C and an inability to grow below 20 °C as thermophilic. In this system, fungi with an optimum growth range between 40 and 50 °C that can grow below 20 °C should be classified as thermotolerant. Correctly classifying fungi as thermophilic or thermotolerant is of great academic and economic interest because many of these fungi are involved in biotechnological processes and patent acquisition (Mouchacca 2000a, b) .
Few studies have been conducted regarding the taxonomy and diversity of heat-resistant fungi. On the applied side of the thermophilic fungi field, various synonyms are often used to describe the same fungus (Table S1 ). In this sense, the current state of the taxonomy of thermophilic fungi creates difficulties when one wants to compare the results of different studies (due to the different nomenclature systems used by the authors). An interesting tool to help standardize fungal nomenclature is the Index Fungorum (www.indexfungorum.org), a nomenclatural database where one can check the updated names of fungi (i.e., synonyms and basionyms) and information about their classification. Additionally, the MycoBank (www.mycobank.org) and Fungal Names (fungalinfo.im.ac.cn/fungalname/fungal name.html) databases are important tools where new names are recorded along with illustrations and descriptions of each taxon. These three databases are the current repositories of fungal names, such as those for genera and species, including the names of novel fungi.
Recently, an important step towards the stabilization of scientific names in fungal taxonomy was taken. During a symposium on April 19-20 of 2011 in Amsterdam, a group of mycologists launched "The Amsterdam Declaration on Fungal Nomenclature" with the purpose to unify the nomenclatural system for asexual and sexual fungi. Long thought about, this initiative aimed to end the duality existing in the nomenclature of pleomorphic fungi, where species described from different phases of the reproductive cycle, asexual (anamorphic) or sexual (teleomorph), received different names . At the XXIIIth International Botanical Congress in Melbourne in 2011, the nomenclature section adopted changes proposed by mycologists resulting in the new International Code of Nomenclature for Algae, Fungi and Plants (ICN, McNeill et al. 2012) . The development of this code started the "One fungus = One name" movement, seeking to stabilize fungal nomenclature (Taylor 2011; Wingfield et al. 2012) . Although the change has been implemented since 2012, the current state of the field is more like "One fungus = Which name?" Indeed, for many described fungi, it has not been determined which name should be used under this new rule. The names are changed based on various criteria; for example, priority is typically given to the oldest name. For widely known species, the current name of the species, anamorph or teleomorph, may be accepted; however, if the name of the anamorph is indicated, it is necessary to go through approval by the General Committee (GC) of the ICN, even though this is the oldest species name (Hibbett and Taylor 2013) . Such changes in fungal nomenclature have had several impacts on the taxonomy of fungi, including thermophilic fungi.
According a review from Maheshwari et al. (2000) , approximately 50,000 fungi were described before 2000, and only 17 genera, comprising a total of 30 species, were considered thermophilic (Canariomyces, (Seifert et al. 1997 ). Other fungi have also suffered nomenclature changes as representatives of the genus Coonemeria and Dactylomyces, which are currently classified as Thermoascus (Table S1 ).
More recently, changes in the genus Talaromyces have also occurred. Reviewing this genus, Houbraken et al. (2012) found that Talaromyces does not have thermophilic species, according to phylogenetic analyses considering multiple molecular markers. The authors observed that the species Talaromyces thermophilus was phylogenetically closely related to the type species of Talaromyces thermophilus, indicating a need to revise the taxonomy of this group. Subsequently, this fact was confirmed and the species was reclassified as Thermomyces dupontii (Houbraken et al. 2014; Table 1 ). Furthermore, three other species previously classified as Talaromyces and two species of Geosmithia have been transferred to the new genus Rasamsonia, which includes both thermophilic and thermotolerant representatives (Houbraken et al. 2012 ). Thus, the authors concluded that, within the order Eurotiales, thermophily is restricted to species of the genera Thermomyces, Thermoascus and Rasamsonia.
The species of Corynascus, which are recognized by some to be thermophilic, were reclassified as belonging to the genus Myceliophthora (Table 1) . Recently, a new species of Myceliophthora, M. guttulata, was isolated from soil in China. Therefore, this genus comprises seven truly thermophilic species: M. fergusii, M. fusca, M. guttulata, M. heterothallica, M. hinnulea, M. sulphurea and M. thermophila (van den Brink et al. 2012; Zhang et al. 2014 ; Table S1 ).
Classification based on environmental sequences
Following the changes in the classification of fungi, the discussion was broadened regarding the classification of new taxa from environmental sequences. Such data are usually obtained from metagenomic studies, which mostly include next-generation sequencing data (Hibbett and Taylor 2013) . Considering the limited number of thermophilic species known so far (Table S1 ), the use of new sequencing technologies to assess the community of fungi in high-temperature substrates will certainly lead to the discovery of new species.
While classification of thermophilic fungi using culture morphology has generated unclear data, classification based on environmental sequences, as proposed by Hibbett and Taylor (2013) , seems useful. For many valid thermophilic species, barcode sequences do not exist (Table S1 ). This means that we do not have intraspecific variation data on the ITS marker to help in the discovery of molecular species. In fact, sequences from putative "new" species obtained directly from substrates could be from fungal species that have already been described but for which molecular data are not yet available. A recent study by Nagy et al. (2011) clearly demonstrated this situation. The authors showed that by generating ITS sequences from the type material of several species of Mortierella (such sequences were not available in the database NCBI-GenBank), it was possible to identify the majority of sequences from the database that had no taxonomic affiliation (for example, sequences annotated as "uncultured Mortierella").
To move towards a classification system based on environmental sequences, the mycological community must deposit sequences from thermophilic fungi into public databases (such as the NCBI-GenBank), including sequences from type material or other reference material or of fungi obtained in culture-dependent studies. Such Houbraken et al. (2011) efforts should be coupled with the deposit of specimens into well-known and easily accessible culture collections. An important step towards this goal was the choice of the ITS region (internal transcribed spacer) as the universal barcode marker for fungi (Schoch et al. 2012 ). This tool assists in the identification of thermophilic fungi, because the corresponding databases (for example: BOLD Systems, www.boldsystems.org and UNITE, http://unite.ut.ee). are structured with reference sequences (sequences from type strains or strains identified by leading taxonomists). In this sense, taxonomic and phylogenetic studies using this molecular marker associated with morphological characteristics constitute an important strategy for the identification and classification of this group of fungi. Studies using large-scale sequencing technologies have demonstrated the potential of thermophilic environments, such as compost heaps, to harbor putative new species. Langarica-Fuentes et al. (2014a) applied a dual approach using culture-based and molecular techniques to evaluate the diversity of fungi present in two compost samples. The authors noted that the diversity of fungi recovered by 454-pyrosequencing is greater than that observed using culture-based methods (175 Operational Taxonomic UnitsOTUs-obtained, against 8 morphospecies). From both compost samples tested, labeled A and B, 64 and 43 OTUs were classified to the rank of family or above, respectively. In addition, the authors found that culture-dependent studies can bias the diversity index and can either overestimate the importance of certain heat-tolerant species in the composting process (for example, A. fumigatus) or underestimate it (e.g., Scytalidium thermophilum, Myriococcum thermophilum, T. thermophilus and Myceliophthora verrucosus). Langarica-Fuentes et al. (2014b) studied the succession of fungi in an in-vessel composting system and found 251 OTUs. Of these, 76 were classified only to the family level or above or classified as an uncultured fungus or unidentified fungus. Many of these non-cultivated fungi may have biotechnological potential and may, therefore, be of great interest. In addition, some of the obtained sequences without taxonomical affiliation may in fact belong to described species for which barcode data do not exist.
Amid the taxonomic problem, why are thermophilic fungi interesting?
Filamentous fungi are organisms with a high capacity to secrete enzymes with a variety of mechanisms of action and substrate specificity. Thermophilic fungi have received significant attention in recent years due to their production of thermostable enzymes with various biotechnological applications. The search for enzymes such as amylases, cellulases, xylanases, lipases and proteases has identified thermostable enzymes with optimum activities at high temperatures and with higher hydrolysis rates (Johri et al. 1999; Bhat 2000) . Due to their action at high temperatures, these enzymes have the advantage of accelerating the reaction time, decreasing the viscosity of the material and reducing the contamination by mesophilic microorganisms (Fernandes et al. 2008) .
For instance, T. lanuginosus, a thermophilic fungus commonly found in compost systems, has been reported to be the largest producer of xylanase described in the literature. Recently, the genome of this fungus was sequenced to better assess its industry potential (Mchunu et al. 2013) . Exploring the genome of the thermophilic Rhizomucor mihei, Zhou et al. (2014) reported the existence of a large number of genes coding for proteolytic, amylolytic and lipolytic enzymes, demonstrating the potential of this fungus to produce thermostable enzymes on an industrial scale.
In recent years, this group of fungi has been prospected for targeting enzymes to hydrolyze the plant biomass (Li et al. 2011 ) because they are natural plant decomposers and have the genetic ability to grow at high temperatures. In this decade much effort has been directed towards the use of residual plant biomass to obtain fermentable sugars. These sugars serve several technological purposes, but are mainly used for the production of second-generation ethanol. The use thermophilic fungi or their enzymes in saccharifying plant biomass at an industrial scale provides multiple benefits, including a reduction in energy costs. This is because there is no need for cooling after the bagasse is steam treated, making this a promising method for separating the main constituents of the plant biomass and increasing their susceptibility to bioconversion (Dashtban et al. 2009 ).
Thermophilic fungi such as M. thermophila (Moretti et al. 2012) and M. heterothallica (Van Den Brink et al. 2013) have been described as bioconverters of lignocellulosic residues into sugars. The authors note the potential of these fungi to be used on an industrial scale in the saccharification of sugarcane bagasse and in the subsequent production of second-generation bioethanol. McClendon et al. (2012) demonstrated that Thermoascus aurantiacus is another promising fungus with the ability to produce thermophilic enzymes for biomass deconstruction. Furthermore, the first study of the thermophilic fungi genome suggests that both species studied, M. thermophila and Thielavia terrestris, are capable of hydrolyzing all major polysaccharides present in the biomass (Berka et al. 2011) . These data reinforce and encourage the continued search for heat-tolerant fungi and their thermostable enzymes for applications in bioethanol production. Many thermophilic fungi are considered opportunistic pathogens, providing yet another reason for the correct identification of the species being studied.
Conclusions
With the taxonomic advances in fungal nomenclature and classification, the thermophilic fungi are described as being comprised of a group of 20 genera and approximately 44 species. The current nomenclature system of thermophilic species will stabilize when the "One Fungus = One Name" is effective under the ICN. Such changes will certainly facilitate the naming of thermophilic fungi. In addition, the massive amount of data generated from next-generation sequencing studies focusing on harsh environments will result in the discovery of putative new thermophilic species. To create a basis for such studies, the description of novel thermophilic taxa from cultures must be accompanied by a deposit of their barcode sequences (ITS sequences). Additionally, the provision of barcode sequences for the valid published names is urgently needed to fill gaps in the databases. Similarly, there is a need to develop a nomenclatural system for species that have been identified only in environmental sequences (according Hibbett et al. 2011) .
The increased search for heat-tolerant fungi for biotechnological applications requires great focus on their taxonomic classification, an old and problematic system that remains poorly defined. Joint projects involving applied researchers and taxonomists will play an important role in minimizing this problem. Moreover, even as advances in the use of thermophilic fungi continue to provide industrially relevant enzymes, the structural and evolutionary aspects of these fungi remain poorly understood, and studies aiming to delineate their classification could supply information about the thermal stability of the molecular components of these organisms.
